Introduction
Since carbon dioxide (CO 2 ) is considered the major greenhouse gas contributing to global warming due to its abundance, efficient and cost-effective CO 2 capture strategies are required to achieve a significant reduction in atmospheric CO 2 levels. The combustion of fossil fuels is the primary source of the increase in atmospheric CO 2 concentrations. Currently, there are three main capture technologies, i.e. postcombustion capture, precombustion capture, and oxy-fuel combustion. The principle of postcombustion capture is separation of CO 2 from the flue gas after the combustion of fossil fuel in order to significantly reduce power plants' CO 2 emissions. The postcombustion capture method is compatible with the existing conventional coal-fired, oil-fired, or gasfired power plants without requiring substantial changes in basic combustion technology.
1 Flexibility is the main advantage of the postcombustion method. There are several gas separation technologies being investigated for postcombustion capture; they include absorption, adsorption, cryogenic distillation, and membrane separation. One of the most promising technologies for CO 2 capture is the chemical absorption of CO 2 into aqueous alkanolamine (monoethanolamine etc.) solutions followed by regeneration of solvent by desorption. However, monoethanolamine (MEA), which is commonly used as the benchmark solvent, has a CO 2 loading ratio limited to a maximum of 0.5 mole CO 2 /mole amine and the reversible reaction temperature range of 120-130
• C prompts high energy consumption during solvent regeneration. Because of the high energy requirements of this solvent system (especially the "reboiler duty"), there are intensified studies to design effective solvents to increase the CO 2 absorption capacity and reaction kinetics and also to reduce the latent heat requirement of aqueous systems. 3 The most important criteria for suitable solvents are low oxidative degradation rate, low volatility, low corrosiveness, and low energy consumption in the process. Carbon dioxide can also be removed from postcombustion flue gas by using other regenerable (switchable) solvents. For instance, carbon dioxide binding organic liquids (CO 2 BOLs) are nonaqueous, chemically selective CO 2 -separating solvents composed of an alcohol and a strong amidine or guanidine base. While a carbamate or bicarbonate ion is formed by the reaction of aqueous alkanolamine solutions with CO 2 , an amidinium or guanidinium alkylcarbonate salts occur, depending on the base, when CO 2 is captured by CO 2 BOLs and an ionic liquid is formed that causes a notable increase in polarity. In the last decade, there have been a number of theoretical studies performed at various levels of theory to investigate CO 2 absorption by different solvents. 6−10 Among those, Wang et al. suggested the single-step termolecular reaction mechanism for CO 2 capture by a mixture of DBU and propanol at the B3LYP/6-31G(d) level of theory with PCM approach to be the favorable one according to their kinetic parameter findings.
11
As a continuation of our previous studies on similar systems, we experimentally and theoretically investigated the structural and energetic details of the single-step termolecular reaction mechanism for CO 2 /DBN/1-propanol and CO 2 /TBD/1-butanol systems and report our findings in the following sections.
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Results and discussion
Analysis
Previously, CO 2 -amine reactions were unanimously considered to be direct carbamate formation followed by protonation of another amine. This led to a reaction rate expression that was first order both in CO 2 and in amine with a unity stoichiometric coefficient. However, this mechanism could not explain the fractional orders between 1 and 2 for certain amines. Therefore, mechanisms based on an unstable intermediate were introduced even though one of them involved two amines and one CO 2 ; that is a termolecular reaction normally considered unlikely. Surprisingly, a rare DFT study supported the termolecular reaction. 11, 16, 17 Since then, it has become usual to interpret the reaction of CO 2 with amines by both the zwitterion and the termolecular reaction mechanisms. The zwitterion mechanism was originally proposed by Caplow, and then reintroduced by Danckwerts. 18, 19 This reaction mechanism, also known as a two-step mechanism, involves two sequential reactions. In the first step, CO 2 reacts with the amine and a zwitterion intermediate product is produced.
Then, in the second step, this zwitterion reacts further with a base (a water molecule, an additional amine, or any other basic species can also act as the base) and the base-catalyzed deprotonation of the zwitterion takes place to produce a carbamate ion and a protonated base.
3,20,21
The termolecular reaction mechanism was first proposed by Crooks and Donnellan and later was modified significantly by da Silva and Svendsen. 6 Recently, Ozturk et al. reviewed the termolecular kinetic model for carbon dioxide binding organic liquids and described the mechanism in detail. 21, 22 The termolecular reaction mechanism, which is easier to handle, assumes that an amine reacts simultaneously with both one molecule of carbon dioxide and one molecule of a base (B) in a single step to form a weakly bound intermediate product as illustrated in Figure 1 . However, regardless of the mechanism, a carbamate and a protonated base are the generally accepted products of CO 2 -amine reactions. It is also assumed that the reaction takes place via an intermediate as shown in Eq. (1). 
The modified termolecular reaction mechanism can be adapted to CO 2 BOL systems, containing amidine/guanidine base and a linear alcohol, as shown in Eqs. (2) and (3).
While a fraction of the resulting intermediate breaks up to form reactant molecules, a smaller fraction reacts further with a second molecule of organic base or alcohol to form ionic products (carbamate or bicarbonates).
Under pseudo-first-order conditions, the observed forward reaction rate can be expressed as in Eq. (4):
For a CO 2 BOL system, the observed reaction rate constant (k o ) for the mentioned mechanism can be expressed by Eqs. (5) and (6) .
Since alcohol concentration is assumed to be in excess for the pseudo-first-order conditions, ROH can be considered constant and a new rate constant, k, can be defined by Eq. (7):
As seen in Eqs. (8) and (9), the degree of the reaction can change between 1 and 2 depending on the rate of the reaction. If the alcohol is the dominant base, the system exhibits a first-order reaction and the above-mentioned equations reduce to Eqs. (10) and (11):
If amine (DBN, TBD in this study) is the dominant base, then the system exhibits second order with respect to amine and Eqs. (8) and (9) reduce to Eqs. (12) and (13):
In summary, the rate constants of CO 2 BOLs were obtained by using Eqs. (5)- (13). Table 1 shows the observed pseudo-first-order reaction rate constants for the CO 2 /DBN/1-propanol system versus the weight-percent concentration of DBN at temperatures ranging from 288 K to 308 K. As expected, the observed reaction rate constants, in terms of k o , increase as both the concentration of DBN and the temperature increase over 2.5-15.0 weight percentages and 288-308 K, respectively. In order to determine the reaction order of the CO 2 /DBN/1-propanol system, the natural logarithms of observed reaction rate constants versus DBN concentrations were plotted at various temperatures as shown in Figure 2 . Empirical power law kinetics was fitted to the lines in Figure 2 by using the least square method. Their slopes correspond to the reaction orders of the CO 2 /DBN/1-propanol system, which are determined In a similar fashion, the observed pseudo-first-order rate constants for the CO 2 /TBD/1-butanol system versus the weight-percent concentration of TBD at 288, 298, and 308 K are summarized in Table 2 . Table 3 shows a strong temperature dependency of the forward reaction rate constant. 
Kinetic results
In this work, novel CO
Activation energies
Activation energies were obtained from Arrhenius plots according to Eq. (14):
where A is the Arrhenius constant (m 3 /mol s) and E a is the activation energy (kJ/mol). Figure 4 shows the Arrhenius plot for the CO 2 /DBN/1-propanol system at 2. Finally, the results obtained in this work were compared with published papers about other CO 2 BOLs at 298 K as shown in Table 4 . However, the k o values are generally low in comparison with those in MEA or PZ systems but they are comparable to those in aqueous DEA systems. 20,23−26 Nevertheless, the BTMG/1-hexanol system has the highest reaction rate, and is comparable with several commercial amine systems.
Computational results
According to the thermodynamic and kinetic analyses in a computational study on the DBU/1-hexanol/CO 2 system in the literature, the single-step termolecular reaction mechanism was the most feasible one. 11 Therefore, we followed the same mechanism in the computational part of this study and investigated the interaction of the organic bases DBN and TBD with linear alcohols (1-propanol and 1-butanol, respectively) and CO 2 at different calculation levels of theory. Reactant, transition state, and product structures of the CO 2 /DBN/1-propanol and CO 2 /TBD/1-butanol systems obtained from the RB3LYP/6-311++G(d,p) level calculations with implicit inclusion of the solvent effects of 1-propanol and 1-butanol through the PCM are presented in Figure 5 . The geometrical parameters given in Table 5 are defined by using the atom labeling scheme presented on the transition structures of the CO 2 /DBN/1-propanol and CO 2 /TBD/1-butanol systems in Figure 5 . It should be noted that the same labeling procedure is also used for reactant and product structures of these systems. The reactant structure of the CO 2 /DBN/1-propanol system has an H5-O4 bond length of 0. (1.459Å), respectively. The same decreasing trend in the O1-C3-O2 bond angle and C3-O4 distance from reactant to product was also obtained for the CO 2 /TBD/1-butanol system. All these findings indicated that the H5-O4 bond was broken and new H5-N6 and C3-O4 bonds were formed during the termolecular reaction amongst amine, alcohol, and CO 2 molecules. The natural bond orbital analysis results, for reactant and product structures of both reaction systems given in Table 6 , support the geometrical findings. Hydrogen transfer from alcohol to amine results in the diminishing of negative charges on N6 and N8 atoms and in the enhancement of the positive charge on the C7 atom from reactants to products for the CO 2 /DBN/1-propanol and CO 2 /TBD/1-butanol reaction systems at both levels of theory. In a similar way, the formation of new C3-O4 bonds between alcohol and CO 2 units causes the negative charges on O1 and O2 atoms to enhance significantly from reactant to product structure. For example, in the CO 2 /DBN/1-propanol system, the negative charge on the O1 atom enhances from -0.518 e (-0.535 e) to -0.803 e (-0.793 e) at the RB3LYP/6-311++G(d,p) level (and at the RB3LYP/6-31G(d) level) of theory. The CO 2 /TBD/1-butanol system also yields very similar results as given in Table 6 . Enhancement of the negative charges on O1 and O2 atoms accompanied by lengthened C3-O1
and C3-O2 bond lengths, e.g., elongation from 1.161Å to 1.243Å for the C3-O1 bond and from 1.161Å to 1.239Å for the C3-O2 bond, was found for the CO 2 /DBN/1-propanol system at the RB3LYP/6-311++G(d,p) level. On the other hand, the negative charge on the O4 atom was lessened for both reaction systems because of the weak interaction between O4 and H5 atoms in product structures. Our NBO analysis also revealed that in the product structure of the CO 2 /DBN/1-propanol system partial charges for H bound DBN fragment and for newly bound CO 2 /1-propanol fragment calculated to be 0.955e (0.929 e) and -0.955 e (-0.929 e) at the RB3LYP/6-311++G(d,p) level (and at the RB3LYP/6-31G(d) level) of theory. For the CO 2 /TBD/1-butanol system, we obtained 0.913 e (0.878 e) for H bound TBD fragment and -0.913e (-0.878 e) for CO 2 /1-butanol fragment. These findings indicate that the termolecular reaction mechanism yields zwitterionic products as defined by Eqs. (2) and (3) above. Table 6 . Partial charges (as e) of the atoms in the active field of the CO 2 /DBN/1-propanol and CO 2 /TBD/1-butanol systems obtained from NBO analysis at the RB3LYP/6-31G(d) and RB3LYP/6-311++G(d,p) levels with PCM (atom numbering scheme is given in Figure 6 ). Activation energies of the CO 2 /DBN/1-propanol and CO 2 /TBD/1-butanol systems for the termolecular reaction mechanism were obtained from the single-point energy and frequency calculations on optimized reactant and product structures and additionally performing transition state and IRC calculations. Theoretical Gibbs free energy of activation values were obtained at 298 K initially with the RB3LYP/6-31G(d) and RB3LYP/6-311++G(d,p) level calculations with the PCM approach. Thereafter, activation energies were refined at the RMP2/6-
, and RMP2/6-311++G(d,p)//RB3LYP/6-311++G(d,p) levels with implicit inclusion of the solvent effects of 1-propanol and 1-butanol through the PCM approach again. Table 7 presents a comparison of theoretical and experimental Ea values, which are all obtained in this study. According to these energetic findings, it is clear that it is vital to refine the RB3LYP energies by using a higher level method, RMP2. Mean signed error (MSE) values indicate the underestimation tendency of all methods used in this study.
This tendency is definitely less pronounced for RMP2/6-311++G(d,p)//RB3LYP/6-31G(d) with an MSE of -2.08 kJ mol −1 . On the other hand, RMP2/6-311++G(d,p)//RB3LYP/6-311++G(d,p) level was superior for Ea calculations with a mean unsigned error (MUE) of 3.28 kJ mol −1 and with a root-mean-square deviation (RMSD) of 4.27 kJ mol −1 . As we mentioned in our previous study, the coupled cluster method with single and double excitations (CCSD) produces high errors for activation energies of similar termolecular systems.
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Hence it was not taken into account during the Ea calculations in this study. 
Experimental method
In this work, the observed reaction rate constants of the homogeneous reaction between CO 2 and CO 2 BOLs with temperatures ranging from 288 to 308 K were measured using a stopped-flow instrument (model SF-61SX2, manufactured by Hi-Tech Scientific, UK). This technique does not involve a gas absorption step and avoids the possible experimental errors caused by the depletion of the amine in the gas-liquid interface. Therefore, the mass resistance associated with the transfer of a gas component into the liquid phase does not take place.
27
This direct method of stopped flow equipment is not affected by the reversibility of the reaction or other influence parameters (e.g., CO 2 loading, viscosity, density, diffusivity). In addition, quick experiment run (∼ 0.05 s), small amount of solvent consumption for each experimental run (∼0.1 mL), and easy handling are other advantageous of this method. 28 The apparatus was made up of four main units: a sample handling unit, a conductivity detection cell, an A/D converter, and a microprocessor. A detailed description of the experimental arrangements of the stopped-flow equipment is given in the work by Alper. 29, 30 During an experimental run, amine (DBN or TBD)/alcohol solution and freshly saturated carbon dioxide dissolved in alcohol were placed in sealed drive syringes in the sample unit. In each experimental run, a pneumatic air supply pushes two drive syringes into the conductivity detection cell. Equal volumes of solutions were mixed instantaneously in a cell for the reaction to occur and the flow was stopped. The ion formation initiates a voltage change, which is monitored as function of time continuously. The conductivity change as a function of time is measured by a circuit as described by Knipe et al., which gives an output voltage directly proportional to the solution conductivity.
31
Then the equipment software Kinetic Studio calculates the observed pseudo-first-order reaction rate constant (k o ) of the rapid homogeneous reaction based on the exponential equation below:
where Y is the conductance (S), A is the amplitude of the signal (S), k 0 is the pseudo-first-order reaction rate constant (s −1 ), t is the time (s), and Y ∞ is the conductance of the end of observed reaction (S).
A typical experimental output from the standard stopped flow system is shown in Figure 6 , and a good agreement between the experimental data and the fitted function can be noted. To obtain consistent pseudo-first-order rate constants (k o ), experiments were repeated at least 10 times at each temperature for all concentrations. To satisfy the pseudo-first-order conditions, amine and alcohol concentrations were always much in excess of that of CO 2 (usually the molar ratio was at least 10:1).
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Figure 6. Combined average graphs of 15 wt.% DBN/1-propanol system at 298 K.
Computational method
In the second part of the study, we theoretically investigated the termolecular reaction mechanism for CO 2 /DBN/1-propanol and CO 2 /TBD/1-butanol systems with the help of quantum chemical calculations. Possible confirmations of all isolated amine and alcohol structures, which were later used to compose reactant and product structures, were prepared and optimized separately at the RB3LYP/6-31G(d) level of theory.
32−36 Appropriate energy minimum conformers were verified by vibrational frequency analyses and also zero point vibrational energies from these calculations were considered in the comparison of relative energies. In the next step, we prepared the reactant and product structures of the CO 2 /DBN/1-propanol and CO 2 /TBD/1-butanol termolecular reaction systems. All of these reactant and product structures were optimized at the RB3LYP/6-31G(d) and RB3LYP/6-311++G(d,p) levels of theory by including the solvent effect of 1-propanol and 1-butanol through the polarizable continuum model (PCM). 37−39 Following the geometry optimizations, vibrational frequency analyses were performed at the same levels on reactant and product structures to verify that all structures were proper minima on the potential energy surface with 3N-6 real vibrational frequencies, where N is the total number of atoms in the reaction system. To be able to find theoretical reaction barriers for each of the termolecular reaction systems, we performed transition state calculations and obtained Gibbs free energy of activation values through the thermodynamic data produced. For both systems, intrinsic reaction coordinate (IRC) calculations were also performed to verify that the TS structures obtained for each of the reaction systems are connected to two specific minima on the reaction coordinate. Next, charge distributions on reactants and products were obtained for each reaction system by performing natural bond orbital (NBO) analysis. In addition to energetic findings, geometrical parameters for all reactant, transition state, and product structures were also found by using RB3LYP/6-31G(d) and RB3LYP/6-311++G(d,p) calculations with the PCM. Finally, single point energy calculations on optimized reactant, transition state, and product structures were performed at the higher levels of theory, RMP2/6-31G ( 
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In conclusion, we investigated the potential use of two new carbon dioxide binding organic liquids in CO 2 capture through experimental reaction kinetic studies and quantum chemical calculations. A termolecular reaction mechanism was used to obtain reaction rate constants and reaction barriers for the CO 2 /DBN/1-propanol and CO 2 /TBD/1-butanol reactions. Our findings indicated that the TBD/1-butanol system has a lower reaction barrier and faster reaction kinetics than the DBN/1-propanol system. Structural details of the single-step termolecular reaction mechanism were clarified by the quantum chemical studies, and good agreement between RMP2/6-311++G(d,p)//RB3LYP/6-311++G(d,p) level calculations and experiments was found for the activation energies of both systems investigated. 
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